Abstract-Most of power transformer design today is still using oil filled type which laminated iron core with paper insulated copper conductors. Oil is an important part in power transformers as electrical insulation, information carrier and cooling medium. Besides oil, paper insulation also plays important role as dielectric material of transformer. The influence of oil especially vegetable-based oil and paper insulation on the dielectric strength of transformer oil has attracted many researchers to do investigation. This paper presents a study of the quasi-uniform field AC breakdown voltages under bare electrodes, paper insulation for barrier and covered electrodes (to replicate the transformer windings) of Palm Oil (PO), Coconut Oil (CO) and Mineral Oil (MO). The data obtained from all tests were analyzed using Gaussian and Weibull distribution to determine the withstand voltages for each type of oils. The experiments were using test cell as specified by IEC 156 with 2.5 mm gap distance under uniform field.
I. INTRODUCTION
Transformers are one of the most expensive and important equipment in electrical power system networks. As one of the major insulation materials used in the transformer, insulation liquid must have and maintain a high dielectric strength to ensure safe operation of transformers. Mineral oil has been used as electrical insulation and coolant in transformer for over a century because their properties and insulating features [1] . However, the problem with mineral oil is it is nonrenewable energy source (fossil fuel) and nonbiodegradable. Due to this concern, vegetable oil is used to meet those mentioned necessary attributes [2] [3] [4] [5] [6] . Vegetable oils are biodegradable, non-toxic and have high fire/flash points, which ensure low fire risk in-service [7] [8] [9] [10] . Among the common vegetable oil considered as dielectric insulation liquid in transformers is Palm Oil (PO).
Palm oil can be extracted from the mesocarp and kernel of the palm nut. Crude Palm Oil (CPO) can be extracted from mesocarp while Palm Kernel Oil (PKO) can be extracted from the kernel of palm nut. The CPO can be further refined to become the Refined, Bleached and Deodorized Palm Oil (RBDPO), which normally used as cooking oil [9] . Besides palm oil, Coconut oil (CO) is another substitute fluid proposed for transformer insulation liquids. CO is extracted from the kernel of mature coconut harvested from the coconut palm. The CO normally contains free fatty acids. The general types of CO for the transformer insulation liquids are neutralized, bleached and deodorized CO [11] .
In this paper, the performance of the AC breakdown voltage of PO, CO and MO is examined. Furthermore, the withstand voltages of mineral and vegetable based oils (PO and CO) were investigated by using Gaussian and Weibull distributions. The AC breakdown voltage is carried out under three conditions, which are bare electrodes, covered electrodes and Kraft paper barrier between electrodes.
II. EXPERIMENTAL DESCRIPTION

A. Preparation of Samples
In this experiment, the samples used were MO, CO and three types of PO. PO and CO samples were obtained from readily available cooking oil products in the market. For palm oil, a refined, bleached and deodorized Palm Oil (RBDPO) olein type was used for this experiment which obtained from of three different brands which can be named as brand A (POA), brand B (POB) and brand C (POC). Meanwhile, the MO is supplied from Hyrax Oil Sdn. Bhd. The characteristics of these PO and CO are shown in Table I . As shown in table, palm oil A (POB) and palm oil C (POC) have the highest content of mono-unsaturated fat followed by palm oil A (POA) and CO. The POC has highest content of vitamin E and poly-unsaturated fat compared to others. these PO and CO are shown in Table I . Then, having said that, POA and POC have the highest content of mono-unsaturated fat followed by POA and CO. The POC has highest content of vitamin E and polyunsaturated fat compared to others.
First, all samples were filtered by a membrane filter with a pore size of 0.2 μm. After the filtering process, the samples were dried in a vacuum oven at temperature 85 ºC for 48 hours and then rested at ambient temperature for a further 24 hours before tested for AC breakdown voltage. 
B. AC Breakdown Voltage Testing
The AC breakdown voltage was carried out according to IEC 60156. Sphere to sphere copper electrode configuration was used to represent the quasi-uniform field at a gap distance of 2.5 mm installed horizontally. The AC breakdown test was performed using BAUR DTA 100. The rate of rise voltage was set at 2kV/s and fixed initial standing time of 2 minutes before voltage applied. The time interval was set at 2 minutes. A total 100 breakdowns were measured for each sample.
III. RESULT AND ANALYSIS OF DATA
A. Bare Electrode Test
In this section, bare electrode was used to understand when the winding of transformer is exposed without the insulation in real transformer as shown in Fig.1 . In total 100 breakdowns were obtained for each oils. The mean breakdown voltages for each sample are tabulated in Table II . From the table, PO shows the highest breakdown voltage compared to MO and CO. Among palm oils, POA is the best in term of breakdown voltage. Fig.2 illustrate the average breakdown voltage for all samples. As shown in figure there is small difference in breakdown voltage between samples, which are in the range of 6% to 10%. 
B. Covered Electrode Test
A single layer of Kraft paper with 0.07 mm thick was wrapped around the electrodes and tied tightly with cable tie. Fig. 3 shows the electrodes were covered with the Kraft paper in order to replicate the condition of transformer winding. Total 100 breakdowns were obtained for each test. As expressed in Table III , the breakdown voltage of 90.13 kV, 81.98 kV and 85.82 kV were obtained for POA, POB and POC respectively. The breakdown voltage ranking of the samples is still the same as bare electrode test but with higher values. The CO still remains lower than PO but higher than MO with difference of is 38% as shown in Fig. 4 . 
C. Kraft Paper Barrier between Electrode Test
Next study is by placing Kraft paper barrier in between the electrodes to replicate the pressboard barrier which normally used in between the windings as shown in Fig.5 . The paper barrier placing center of the electrodes gap and was wider than the diameter of the electrodes with 80 mm length. Plastic foam was used to hold the barrier. These experiments were carried out to investigate the effect of a paper barrier to breakdown voltage in insulating oils. The total of 100 breakdowns were acquired for each sample. Obviously in Table IV , PO remains higher than CO and MO. The sequence of breakdown voltage values still the same sequence as before. The average values of for all palm oils are well above 80 kV. Meanwhile, the value of CO is slightly lower than PO. Based on Fig. 6 , the difference for all oils is the range of 5% to 16%. 
D. Comparison Between Different Conditions
Based on Fig. 7 , it is shown the breakdown voltages of covered electrode test was the highest followed by Kraft paper barrier between electrodes test and lastly bare electrode test. Insulating barriers are used to channel the oil flows and also acting as barrier against the propagation of a discharge streamer in the oil between electrodes. The barriers break the oil path and prevent the lining up of impurities in the oil and hence increase the dielectric breakdown.
Fig. 7. Comparison of AC breakdown voltage at different conditions
It is always advisable to cover the electrodes with some insulation as it improves the strength of the oils. The illustration from Fig. 7 shows the percentage of difference for palm oils, which have similar patterns, which are around 4% to 14 % for each conducted tests. Meanwhile, MO and CO have difference of 6 % to 18% and 6% to 27% respectively. In addition, the comparison between oils in each condition more notable as shown in Fig. 7 . The influence of paper insulation in oils will give higher breakdown voltage than bare electrodes condition. Moreover, it is also shown that the vegetable oils having higher breakdown voltage for all tests.
Statistical method is always used to analyze the breakdown voltage data. The commonly used statistical distributions are Gaussian distribution and Weibull distribution. In this study the AC withstands voltages for all samples were analyzed by using Weibull and Gaussian distribution as shown in Fig. 8 and 9 respectively. The breakdown probability at 1% is used to estimate the lowest likely breakdown voltage from the dispersion of the ac breakdown voltage data.
The Gaussian distribution formula P(x):
Where μ is the mean and is the variance.
The Weibull distribution F(x) is given in as follows: (2) Where, is the shape parameter, is the scale parameter, Based on Fig. 8 , at 1% probaility, the Gaussian distribution fit the data well for all oil samples. All oil samples show deviations at the end tails, demonstrating the inaccuracy of using the Gaussian distribution to model the data at higher probabilities. The data deviates from the distribution at between 70% and 95% depending on the oil. From Fig.9 , at 1% probability, Weibull distribution predict slightly lower breakdown voltage than Gaussian distribution. All oil samples show deviations at low probabilities which showing the inaccuracy of using the Weibull distribution to model at low probabilities. This is observable in the distribution for vegetable oils; POA, POB, POC and CO is higher than that MO. The differences between CO and PO were slightly small fit both Gaussian and Weibul distribution. The AC breakdown voltage for all samples in three different conditions are discussed in this paper. The covered electrode tests show the highest value than bare and Kraft paper barrier tests. Further analysis based on Weibull distribution reveals that MO value for breakdown voltage at 1% probability of failure for all tests is lower than others. Overall, POA is the highest from other oils with percentage of difference can be up to 56.9%. Meanwhile, in bare electrode test, the CO is higher than POA with notable percentage of difference is 2%. The vegetable oils, which are CO, POA, POB and POC performs comparable to each other and they are better than mineral oil. These oils may well be alternate for MO as insulating oil in transformers. The influence of paper insulation gave the good performance for the oils which with some insulation as it improves the strength of the oils..
